220 words Main text: 3317 words Abstract Objective: Alzheimer's disease (AD) is characterised by two cardinal pathologies, namely the extracellular accumulation amyloid-related aggregates, and the intracellular formation of taurelated neurofibrillary tangles (NFTs). While both pathologies disrupt cognitive function, a large body of evidence suggests that tau-pathology has a stronger relationship with the clinical manifestation of the disease compared to amyloid. Given the ordinal nature of histopathological staging systems, however, it is possible that the effect of amyloid pathology has been underestimated in clinicopathological studies. Method: We investigated this possibility using data from the National Alzheimer's Coordinating Center (NACC) database. Bayesian ordinal models were used to directly investigate the relative contribution of Braak NFT, diffuse plaque, and neuritic plaque staging to the severity of antemortem clinical impairment. Results: Data from 144 participants were included in the final analysis. Bayesian ordinal models revealed that Braak NFT stage was the only predictor of global cognitive status, clinical dementia stage, functional abilities, and neuropsychiatric symptoms. When compared directly,
Introduction
Alzheimer's disease (AD) is characterised by two cardinal pathologies, namely the extracellular accumulation amyloid-related aggregates, and the intracellular formation of tau-related neurofibrillary tangles (Haass & Selkoe, 2007) . Both of these pathologies disrupt normal neuronal function but develop according to different anatomical trajectories (Arnold, Hyman, Flory, Damasio, & Van Hoesen, 1991; Arriagada, Growdon, Hedley-Whyte, & Hyman, 1992) .
While cerebral tau-pathology first forms in mesial temporal structures, amyloid-pathology first accumulates in neocortex (Braak, Alafuzoff, Arzberger, Kretzschmar, & Del Tredici, 2006; Braak & Braak, 1991; Thal, Rüb, Orantes, & Braak, 2002) . The eventual distribution of these pathologies reflects their origins. The mesial temporal structures are the most heavily affected by tau-pathology while amyloid-pathology is most prominently deposited in neocortical regions (Cho et al., 2016) . This raises the possibility that the cardinal pathologies preferentially disrupt different brain networks, resulting in differential contributions to the cognitive expression of AD (Malpas, Saling, Velakoulis, Desmond, & O'Brien, 2015) .
A large body of research has addressed the pathological basis of cognitive impairment in AD.
The gold standard approach involves clinicopathological investigation, in which the cardinal pathologies are measured post mortem and then correlated with ante mortem measurements of cognitive status. Over 40 clinicopathological studies have been conducted in AD, which have revealed tau-pathology to be the strongest predictor of global cognitive status (Nelson et al., 2012) . The relationship between amyloid-pathology and global cognitive measures is relatively weak and attenuated when the effect of tau-pathology is accounted for statistically (Bennett, Schneider, Wilson, Bienias, & Arnold, 2004) . The largest, and most recent, clinicopathological study confirmed this pattern, reporting that staging of tau-pathology predicted global cognitive status, while the staging of amyloid-pathology did not (Murray et al., 2015) . Neuroimaging evidence has confirmed the contribution of both tau and amyloid to the clinical phenotype, but has been limited in addressing the potential of differential contributions (Bejanin et al., 2017; Hedden, Oh, Younger, & Patel, 2013) .
Despite this progress, there remain significant gaps in the literature. First, it is common for markers of clinical status to be reduced to a single score, which is derived from summation across cognitive domains. Relatively few studies have simultaneously investigated the relationship between AD pathology and multiple measures of clinical status. It is possible that the dominance of tau-pathology is not consistently expressed across all clinical symptom domains. Second, a common limitation of clinicopathological research is that histopathological staging is typically recorded using semi-quantitative rating systems (Mirra et al., 1991) . While higher scores are associated with greater pathological burden, the intervals between stages are not necessarily equal. Failure to explicitly model the monotonic nature of these variables might have obscured non-linear relationships between pathological staging and measures of clinical severity. Insensitivity to this non-linearity might underpin the negative associations reported for amyloid-pathology. Third, to the best of our knowledge, no studies have directly compared the predictive relationship between different pathological staging markers. While the pattern of significant and non-significant findings have been interpreted as differential relationships, true statistical interactions have not been thoroughly investigated (Nieuwenhuis, Forstmann, & Wagenmakers, 2011) .
Our study aimed to explicitly address these gaps in the literature by investigating the differential relationship between histopathological staging and multiple clinical severity variables using models that explicitly take into account the ordinal nature of the data. While we expected tau-pathology to be most strongly associated with markers of clinical severity, it was possible that our more appropriate modelling approach would reveal a previously obscured dominant contribution of amyloid.
Materials and Methods

Participants
Data for this study were acquired from the National Alzheimer's Disease Coordinating Center (NACC) neuropathology data set (Besser et al., 2018) . This analysis used data from 22 6 1982), which produces scores ranging from 1 to 15 with greater scores indicating more severe depressive symptomatology.
Statistical analyses
All statistical analyses were performed in the R environment (version 3.6.0; R Core Team, 2019). Bayesian general linear multi-level models (GLMMs) were used to investigate the relationship between pathological staging and clinical variables. The three pathological staging variables were included in each model along with sex, age, and the interval between death and histopathological examination. A random intercept term was included across clinical sites. The following models were specified for continuous clinical severity variables: ! " = $%&'()(+ , , .) + , = 0 + 0 [3, 45] , + 7sex + 7(;< , + 7=>?@ , + 7A&((B , + 7=>CCDE< , + 7?<D&>@>F , 0 3,45 ∼ H@D=<?@(3,0, . 3,45 ) 7 ∼ H@D=<?@(3,0,2.5) . ∼ N()CO(DFℎQ(0,10) . 3,45 ∼ N()CO(DFℎQ(0,10)
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Where A determines the size and direction of the effect and W determines the normalised distances between consecutive predictor categories. A Dirichlet (multivariate beta distribution) prior was placed on the normalised distances with B equal to the number of levels of the predictor minus one. Rather than the Gaussian distribution, a cumulative response function was used to model the ordinal structure of the dementia stage (CDR) variable.
All models were estimated using the brms package (Bürkner, 2017 (Bürkner, , 2018 . Parameters were estimated via Hamiltonian Markov Chain Monte Carlo (MCMC) implemented in Stan (Carpenter et al., 2017) with 3 chains each of 2,000 warm-up and 2,000 actual samples.
Successful chain convergence was defined as X< 1.1. Posterior predictive distributions were inspected to ensure adequate fit and the posterior predictive probability (PPP) was computed for each model. Following Gelman and colleagues (2013), .5 < PPP < .95 was considered to indicate adequate fit. The Bayesian R 2 was computed to estimate the variance explained by the model in the outcome variable (Gelman, Goodrich, Gabry, & Vehtari, 2018) . Following the approach described by McElreath (2018) , the difference between predictors was investigated by subtracting samples from the posterior distributions. Point estimates for each parameter are presented as the median of the posterior distribution. Uncertainty around these point estimates is indicated by 95% highest density intervals (HDIs). Sensitivity analyses were performed on subgroups of patients with the time between final clinical visit and death restricted to <=24 months and <= 12 months.
Results
Sample characteristics
Of the 144 participants, 71 were female (49%). The mean age at the time of visit was 78.97 (SD = 11.58, min = 47, max = 103). The mean years of education was 15.29 (SD = 3.01, min = 6, max = 20). The mean number of months between final visit and post mortem examination was 14.11 (SD = 13.48, min = 0, max = 66). All participants spoke English as their primary language. The descriptive statistics for clinical outcome variables are shown in Table 1 .
Clinical staging
In terms of clinical staging, most participants had a diagnosis of dementia at the time of visit (n = 98, 68%). Normal cognition was the next most common diagnosis (n = 31, 22%), followed by MCI (n = 9, 6%), and 'impaired but not meeting MCI criteria' (n = 6, 4%). Of those participants classified as having a cognitive impairment, most had a presumed aetiological diagnosis of Alzheimer's Disease (n = 84, 74%). The next most common diagnosis was FTLD (n = 13, 12%). The remainder (n = 16, 14%) had been diagnosed clinically as either Lewy body disease, coriticobasal degeneration, vascular brain injury, depression, or cognitive impairment due to systemic disease. As noted above, cases confirmed as non-Alzheimer's disease on postmortem had already been excluded, indicating that the non-Alzheimer clinical diagnoses were not correct.
The neuropathological staging is summarised in Table 2 . As shown, while the sample was spread across all pathological stages, the distribution favoured more severe disease.
Predictors of clinical status
Separate Bayesian GLMMs were computed for each clinical severity variable. Examination of the posterior predictive distributions and residuals revealed adequate model fit (PPPs = .32 -.59). The posterior predictive distributions are included in Figure S1 . As shown in Table 3 , the models explained a moderate amount of variance in global cognition, functional impairment, and neuropsychiatric symptoms (R 2 = .46 -.58). The model was comparatively poor at explaining variance in depression (R 2 = .14). Figure 2 and the associations with all neuropathological variables is show in Figure S2 . Full model coefficients (including nuisance parameters) are included in Table S2 .
As shown in
Difference between predictors
The relative predictive contribution of Braak NFT stage compared to diffuse and neuritic plaques was examined by computing the posterior probability distribution of the difference between the coefficients (as described in methods section above). The results from this analysis are shown in Table 4 . When directly compared to diffuse or neuritic plaques, Braak NFT stage was a stronger predictor of global cognition, dementia stage, functional impairment, and neuropsychiatric symptoms. The evidence did not support such differences for depression.
Sensitivity analysis
The time between clinical assessment and post-mortem varied significantly. To examine robustness of the above findings, all analyses were repeated on subgroup of patients who underwent post-mortem examination within 24 months of the final clinical visit (n = 118, 82% of the sample). A second sensitivity analysis was then performed on patients who died within 12 months of their final visit (n = 84, 58% of the sample). These results are shown in Table S2 .
The relationships between Braak NFT stage and clinical variables were replicated in the 24month subgroup. As shown in Table S3 , the relationships between Braak NFT stage and global cognition, dementia stage, and functional impairment were also replicated in the 12-month subgroup, while the relationship with neuropsychiatric symptoms was not. The relationship between neuritic plaques and depressive symptomatology was not replicated in either subgroup analysis. Otherwise the findings for neuritic and diffuse plaques were comparable to the primary analysis.
Discussion
In this study, we investigated the relationship between clinical symptom severity and AD neuropathological staging confirmed via post-mortem examination. Braak NFT staging was associated with global cognitive impairment, dementia stage, functional impairment, and neuropsychiatric symptoms. In contrast, the pathological staging of diffuse and neuritic plaques was not associated any of these clinical variables. Direct comparison between the different pathological markers confirmed that Braak NFT staging had a stronger relationship to the clinical severity variables compared to neuritic and diffuse plaques. The advanced statistical modelling techniques used for this study mean that the findings are robust, in part because we explicitly modelled the ordinal nature of neuropathological staging data. To the best of our knowledge, our study was the first to model the clincopathological nexus in Alzheimer's disease using such a statistical approach.
Overall, our findings are consistent with previous clinicopathological investigations in Alzheimer's disease. For example, in a comprehensive review of the literature, Nelson and colleagues (Nelson et al., 2012) also concluded that tau-related pathology had a stronger relationship with clinical variables compared to amyloid-related pathology. Similar findings were reported by more recent studies (Bennett et al., 2004; Murray et al., 2015) . Importantly, our findings do not suggest that amyloid-pathology is not related to clinical severity. Rather, these findings suggest that when amyloid and tau-pathology are considered together, taupathology is the driving factor behind clinical impairment. This is an important consideration, as tau and amyloid-pathology are highly collinear which means that examination the relationship between clinical severity and either pathology in isolation is likely to always reveal positive correlations. It is only by examining the two pathologies are included in a single model that the differential relationship emerges.
Our findings are also consistent with previous work investigating the relationship between clinical severity and non-histopathological biomarkers. For example, a great number of studies have shown correlations between amyloid-burden revealed by imaging with PET ligands (Bejanin et al., 2017; Hedden et al., 2013) . The in vivo imaging of tau-related pathology is relatively less developed, but has nonetheless revealed correlations between pathological burden and clinical staging (Jack et al., 2018; Johnson et al., 2016; Pontecorvo et al., 2017) .
Our findings suggest that the dominance of tau-related pathology extends across different aspects of the clinical phenotype, including dementia staging, global cognitive impairment, functional disability, and neuropsychiatric symptoms. Depressive symptomatology, however, was not convincingly associated with one pathology or another. This builds on previous work by our group demonstrating a differential relationship between pathology, cognitive, and network disruption. For example, we have shown that memory is most strongly associated with cerebrospinal fluid markers of tau-pathology while amyloid-pathology is preferentially associated with diffusely represented neurocognitive functions such as processing speed (Malpas et al., 2015) . We have also demonstrated a preferential relationship between taupathology and mesial temporal functional connectivity (Malpas, Saling, Velakoulis, Desmond, & O'Brien, 2016) . Amyloid, on the other hand, appears to preferentially affect structures outside the mesial temporal regions (Malpas et al., 2018) .
The present study had a number of strengths. First, for a clinicopathological study, our sample consistent of a large number of patients. Second, the advanced analytical methods represent a significant improvement over previous studies in this area. By using multi-variable models, we were able to examine the relationship between clinical markers and different neuropathological staging variables simultaneously. In other words, we were able to examine the effect of one staging variable (e.g., Braak stage) while holding the other staging variables constant. Unlike dominant univariate analyses, which only consider one pathological marker at a time, our approach allowed for the relative contribution of each pathological marker to be investigated.
Third, our study was also novel in that we explicitly modelled the ordinal nature of neuropathological staging data. The typical approach to analyses this sort of data is to treat the variables as continuous (which violates model assumptions), or to consider it to be nominal (i.e., categorical) which reduces statistical sensitivity. By modelling these variables as monotonic functions we were able to investigate the overall direction of the effect via while acknowledging the ordinal nature of the underlying relationship. comparing the difference Fourth, the key results survived sensitivity analyses that addressed the issue of variable time between last clinical visit and post-mortem analysis. Fifth, by directly between model parameters we were able to convincingly show that Braak NFT staging was a stronger predictor compared to other pathological staging variables. Rather than just showing that one predictor was statistically significant, while the others were not, our approach allowed us to demonstrate an outcome by predictor interaction (Nieuwenhuis et al., 2011) . Finally, our use of multiple outcome variables provides evidence that the different in underlying pathological staging has implications not only for cognition, but a range of other phenotype markers, including functional impairment and neuropsychiatric symptoms.
Despite these strengths, some limitations must be considered. First, while we took a multiconstruct approach to examining clinical severity, the instrument used to assess global cognitive function suffers from the problem of summation. Specifically, the MMSE adds a number of cognitive tasks together for form a single score (Folstein et al., 1975) . As a summative measure, it is therefore not possible to investigate whether specific neuropathological staging variable had preferential effects on different aspects of the cognitive phenotype. As noted above, previous work by our group has suggested that tau-and amyloidrelated pathology might have differential effects on cognition that could not be confirmed in this study (Malpas et al., 2015) .
Given the advent of reliable in vivo imaging of both tau-and amyloid-related pathology, a clear direction of future work is to fully examine the preferential clinic-pathological contributions of tau and amyloid (Villemagne, Fodero-Tavoletti, Masters, & Rowe, 2015) . This should not only examine the difference is magnitude of the relationship, but also consider whether specific cognitive domains are indeed affected preferentially by each of the pathologies. Given that therapeutic trials tend to target either tau or amyloid, but not both, it will be essential to choose neurocognitive outcome measures that accurately target the relevant pathological system. Failure to take into account the preferential contribution of
In conclusion, we investigated the relationship between three histopathological staging variables and markers of clinical severity in patients with and without cognitive impairment.
These findings suggest that tau-pathology, in the form of Braak NFT staging, is a strong predictor of global cognitive status, clinical dementia stage, functional abilities, and neuropsychiatric symptoms. Amyloid-pathology, in the form of neuritic and diffuse plaques, was not independently associated with any markers of clinical impairment. These findings confirm previous clinicopathological studies and suggest that the previously reported dominance of tau-pathology is not merely an artefact of the ordinal semi-quantitative staging systems. These findings underscore the need to match clinical markers to the relevant pathological substrate in clinical trials. Outcome measures that heavily weight cognitive, functional, or neuropsychiatric symptoms are likely to be insensitive to interventions that target amyloid-pathology in isolation. Note: n = number of participants included in analysis following list-wise removal of cases with missing outcome data. PPP = posterior predictive probability. R 2 = Bayesian coefficient of determination (not computed for dementia stage due to cumulative response function). All parameters are the median of the posterior distribution [95% highest density intervals]. 
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